Monoallelic expression, including genomic imprinting, X-chromosome inactivation and random monoallelic expression of autosomal genes are epigenetic phenomena. Genes that are expressed in a monoallelic way may be more vulnerable to genetic or epigenetic mutations. Thus, comprehensive exploration of monoallelic expression in human brains may shed light on complex brain disorders. Autism-related disorders are known to be associated with imprinted genes on chromosome 15. However, it is not clear whether other imprinted regions or other types of monoallelic expression are associated with autism spectrum disorder (ASD). Here, we performed a genome-wide survey of allele expression imbalance (AEI) in the human brain using single-nucleotide polymorphisms (SNPs), in 18 individuals with ASD and 15 controls. Individuals with ASD had the most extreme number of monoallelic expressed SNPs in both the autosomes and the X chromosome. In two cases that were studied in detail, the monoallelic expression was confined to specific brain region or cell type. Using these data, we were also able to define the allelic expression status of known imprinted genes in the human brain and to identify abnormal imprinting in an individual with ASD. Lastly, we developed an analysis of individuallevel expression, focusing on the difference of each individual from the mean. We found that individuals with ASD had more genes that were up-or down-regulated in an individual-specific manner. We also identified pathways perturbed in specific individuals. These results underline the heterogeneity in gene regulation in ASD, at the level of both allelic and total expression.
INTRODUCTION
Autism spectrum disorders (ASDs) are defined by behavioral deficits in three core domains, social interactions, communication and stereotyped or repetitive behaviors, but the severity in each domain varies greatly from person to person. The etiology of autism has been puzzling medical researchers for several decades. It is clear that there is a substantial genetic basis for ASD, but for the majority of cases, we still cannot identify the precise genetic risk variants. One of the main reasons why it is so difficult to study the genetic basis of ASD is due to the large genetic heterogeneity. Based on recent genome-wide search for de novo mutations, ASD can be triggered by mutations in hundreds of different genes (1) (2) (3) (4) . Furthermore, each risk gene is altered in only a small proportion of cases. Consequently, any two individuals with ASD rarely have mutations in the same gene. This may explain why no unifying structural or neuropathological features have been conclusively identified in the brains of individuals with ASD (5) . Despite the fact that the underlying biological causes of ASD are diverse, a recent study found that gene expression in the brains of individuals with ASD shows common patterns that are different from control individuals (6) . The changes in gene expression observed in the brains of individuals with ASD may result from genetic variations, epigenetic mutation (without change to the DNA sequence) and developmental processes that are the result of the abnormal behaviors associated with ASD.
The involvement of epigenetic processes in ASD has been previously suggested based on the incomplete concordance between identical twins (7) . It is assumed that environmental factors that may increase the risk of ASD may affect the brain thorough epigenetic processes such as changes to methylation patterns that are associated with changes in gene expression (8) . Until now most of the efforts to identify risk genes for ASD relied on DNA sequences, whereas epigenetic mutations were less explored. The connection between ASD and epigenetic regulatory mechanisms stems from the identification of genetic mutations in imprinted regions and genes that control epigenetic processes, such as MECP2 and other chromatin regulators (9, 10) .
One of the most common chromosomal abnormalities in ASD is maternally derived duplications of the imprinted region on chromosome 15q11 -13 (11, 12) . Still it is not clear how many other imprinted regions are associated with autism or other neurodevelopmental disorders. In humans, there are 80 protein and RNA genes that are known to be imprinted (based on the Geneimprint database). However, the number of imprinted genes recently became a matter of lively debate, when a study reported more than a thousand loci with a parent-of-origin effect in the mouse brain, and hundreds of genes with a sexspecific effect based on RNA sequencing (RNA-seq) (13, 14) . A recently published report challenged these results, stressing the importance of validation and the potential pitfalls when discovering allele-specific expression from RNA-seq (15) . The genes so far found and validated to be imprinted are expressed in a wide range of tissues but are particularly highly expressed in the placenta and in the brain (16) . Furthermore, a recent genome-wide linkage study of .1200 families has demonstrated a parent-of-origin linkage to autism, with strong signals in regions on the paternal copies of chromosomes 4, 15 and 20, as well as suggestive linkage on maternal copies of chromosomes 5, 6, 7 and 9 (17) .
Imprinting is not a cause of autism itself, but rather is a normal process which, when disrupted, can increase the risk of developing autism. There are several explanations for the possible involvement of imprinted genes in autism. The imprinted brain theory of autism suggests that autism is a disorder of the extreme imprinted brain (18) . Based on this theory, autism is caused by imbalances that involve increased effects of the 'paternal brain' relative to the 'maternal brain'. Imprinting has also been hypothesized to explain the sex difference in autism, through the proposed action of unknown paternally imprinted loci on the X chromosome (19) . In addition to these theories, autism has been strongly associated with chromosomal abnormalities in the imprinted region in chromosome 15q (7, 20) . These include Angelman and Prader -Willi Syndromes, as well the 15q duplication syndrome, which occurs in up to 5% of individuals with ASD (20) . Imprinted genes may also contribute to autism indirectly as targets of other genes. Evidence for such a regulatory connection has been observed between MECP2 (the gene associated with Rett syndrome) and the imprinted gene UBE3A (associated with Angelman syndrome) (21) . While different possible mechanisms may underlie the association between imprinted genes and autism, imprinted genes are promising candidates for association with autism because of their functional haploid state. This feature may make them extremely vulnerable to rare genetic mutations because the gene may become utterly inactive. Moreover, a single epigenetic change may lead to loss of imprinting, leading to biallelic expression and to gene dysregulation. Both genetic and environmental factors can affect the imprinting process and alter the level of expression of imprinting genes. Thus, epigenetic alterations may be the biological targets through which environmental factors can cause autism. In summary, imprinted genes may be associated with autism because they are involved in brain development and also because they may be more vulnerable to genetic or epigenetic mutations. But we still do not know the full contribution of genomic imprinting to normal brain development and function and how important the role of imprinting is in increasing the risk for autism.
Genomic imprinting is a unique phenomenon wherein genes are expressed in a monoallelic way, and the choice of which allele is expressed is determined by the parental origin of the allele. For most genes the maternally and paternally derived copies of each gene are simultaneously expressed at comparable levels (termed biallelic expression). In most other cases of monoallelic expression, the choice is random in each cell. The best studied example of random monoallelic expression, which is also linked to disease, is X-chromosome inactivation. X-chromosome inactivation involves the silencing of almost the entire X chromosome, early in development, in most female mammals. The choice of which of the two X chromosomes will be inactivated is totally random, and once initiated it is propagated to the daughter cells. Women who carry an X-linked mutation in a heterozygote state have two populations of cells: cells that express the wild-type allele, and cells that express only the mutant allele. Although the expected proportion of cells expressing the mutated gene should be 50%, in many cases there could be skewing of the inactivation owing to positive or negative cell selection. The degree of skewing can modulate the severity of the phenotypes in women who are carriers of X-linked mutations (22) . One study reported an excess of skewed X-inactivation in blood cells from individuals with ASD, but this was not replicated by other studies (23, 24) .
Beside X inactivation and parentally imprinted genes, other autosomal genes have also been shown to be expressed in a monoallelic way. Among these are genes encoding for immunoglobulins, T-cell receptors, interleukins (25) , odorant receptors (26) and protocadherin genes (27, 28) . Furthermore, a genomewide study for monoallelic expression suggests that monoallelic expression is a widespread phenomenon, especially for genes involved in cell -cell communication in the immune system and genes that are expressed in the brain (29) . So far, screening for monoallelic expression has been performed on lymphoblastoid cell lines (LCLs) or stem cells (30) or was focused on a small number of genes (31) . We previously performed a screen for monoallelic expression in LCLs from ASD individuals, identified an excess of monoallelic regions in cases and identified a rare duplication that is likely to be the cause of one of the monoallelic expressed regions (32) . Monoallelic expression was also found previously to be the result of epigenetic dysregulation in ASD. The allelic expression of the genes that encode the GABAA-receptor subunits has been shown to be monoallelic or strongly imbalanced in samples from ASD but showed balanced expression in unaffected control samples (33) .
In this study, we report a genome-wide screen for monoallelic expression in the brains of individuals with ASD and controls. Specifically we searched for abnormalities in different types of epigenetically driven monoallelic expression, including genomic imprinting, X-inactivation and autosomal random monoallelic expression. Usually, random monoallelic expression cannot be detected from the analysis of a mixture of cells, as each cell randomly expresses a different allele, resulting in a pattern that is indistinguishable from biallelic expression. However, if across different cells there is a strong skewing Table S1 ). For these individuals, genotypes from both Affymetrix SNP 6.0 arrays and Illumina 1M arrays were available (34) . We used a previously described paradigm (29, 32, 35) , in which measurements from single-nucleotide polymorphism (SNP) arrays from both the genomic DNA and the cDNA were compared with discover events of AEI. To accurately identify monoallelic expression at the level of one SNP, we implemented a very strict quality control pipeline (detailed in Supplementary Material, Fig. S1 and Materials and Methods). First, we removed 4 out of the 33 individuals that showed a high rate of discordance between the genomic DNA and the cDNA as well as a high rate of novel alleles appearing in the cDNA (which we termed illogical genotypes). Our final sample of 29 individuals included 6 females and 23 males, among them 15 were cases and 14 were control. At the SNP level, we removed SNPs, which had ,3 heterozygous genotypes. Furthermore, we imposed a cutoff for the total signal to be considered as an expressed SNP and removed SNPs in which ,80% of the individuals were above this cutoff. Additionally, we excluded any SNPs in which illogical genotypes were found, and SNPs in which the allele ratios in the cDNA did not differ between different genotypes (as was determined based on genomic DNA). Lastly, to prevent false positives owing to erroneous calls in the genomic DNA, we used measurements from Illumina 1M SNP arrays to impute the Affymetrix array genotypes and excluded genotype calls, which were discordant between the array and the imputation. Following these stringent filters, out of 27 993 genes (including many RNA genes) in the UCSC hg19 build, 8050 were measured in our experiment. Each individual on average had 4287 genes with at least 1 informative SNP.
To identify rare events of autosomal monoallelic expression from the allelic expression data, we developed an algorithm that gives a score of AEI for each heterozygote measurement based on the distance from the homozygote clusters. To account for intra-SNP variance, we also calculated a Z-score for each individual based on all heterozygotes. A score of 0.75, indicating a measurement that is three-fourth of the way between the heterozygote and homozygote cluster, and a Z-score of .2 were taken as a threshold. We identified 1133 putative SNPs (2.8% of informative SNPs) under these criteria but filtered out manually distributions not fitting monoallelic expression, resulting in 338 SNPs (Supplementary Material, Table S2 ). Out of the 338 SNPs, 61 (18%) were outside of genes, and the rest were inside genes. Detection of monoallelic expression was not biased by transcript length, the distance of the SNP from the transcription start site, the expression level and GC content of the gene (Supplementary Material, Fig. S2 ). Thirty SNPs were chosen randomly for validation using Sanger sequencing (Supplementary Material, Table S3 , Fig. 1A ). Ten (33%) were found to be monoallelic (.10 allele ratio), eleven (30%) were biallelic with AEI (.1.5 allele ratio) and eight were balanced (27%). The remaining SNP was found to be homozygote in the genomic DNA. We used the DAVID bioinformatics tool (36) to look for functional enrichment in the genes identified with signals in agreement with monoallelic expression, but no specific groups were found. This is concordant with the results of a previous study in mice, which found random monoallelic expression to affect a heterogeneous group of genes with no clear functional enrichment (37) . We could not find a significant association between the relative number of AEI events and confounding factors, such as age, tissue and RNA quality (Supplementary Material, Fig. S3A) . Reassuringly, the relative number of suspected events also remained fairly constant across samples when we used different thresholds to detect expressed SNPs (Supplementary Material, Fig. S3B and C) .
We proceeded to test whether monoallelic expression was enriched in the autism cohort. While in the autism cohort, there were 244 events, and in the control cohort only 94, plotting the distribution of these events across the samples revealed that specific individuals harbored many events, and others few or none at all (Fig. 1B) . Correspondingly, on average, individuals with autism did not have significantly more events of AEI than controls (P ¼ 0.27, two-sided Student's t-test). This further suggested that the observed difference does not reflect a global trend. Strikingly, however, one individual with autism, labeled AN01570, harbored 98 events. In the validation attempt using Sanger sequencing, four out of nine (44%) tested SNPs for that sample were monoallelic and an additional three (33%) were imbalanced (2.4 -3.5 allele ratios). To test whether this widespread monoallelic expression is specific to BA9, we performed a genome-wide scan for AEI with cerebellar tissue from four individuals, including AN01570, and compared it with the results from BA9. To account for differences in expression between the cerebellum and BA9, which may affect our power to detect events in the cerebellum, we applied stringent filters to include only SNPs that are expressed in similar levels in both tissues. In these four samples, we found 108 signals in both brain regions, which passed the above thresholds and quality control (Supplementary Material, Table S4 ). In individual AN01570, 69 events remained in BA9, but strikingly, only 7 were found in the cerebellum, 3 of them shared between the cerebellum and BA9 (Fig. 1C) .
Skewed X-inactivation
Skewed X-inactivation is a common feature of disorders with X-linked mutations (38, 39) . Skewed X-inactivation in ASD was tested before mainly in lymphocytes (38, 39) . We determined the degree of skewed X-inactivation in the brain of eight female samples, including five cases and three controls. To this end, we calculated the concordance rate between cDNA and genomic DNA for heterozygote genotypes for SNPs in the X chromosome and compared it with the rate in the autosomes ( Fig. 2A) . We found that the concordance was Human Molecular Genetics, 2014, Vol. 23, No. 15 4113 generally lower in the X chromosome relative to autosomes and was showing a non-significant trend (P ¼ 0.25, Wilcoxon rank-sum test) to be lower in cases compared with control brain samples. Among the brain samples, we focused on one individual with autism (AN03632), which had the most extreme difference in concordance rate in the X chromosome compared with the autosomes ( Fig. 2A) . Validation by Sanger sequencing of an SNP located in the X chromosome showed monoallelic expression in individual AN03632 and confirmed the small degree of skewed inactivation for other individuals (Supplementary Material, Fig. S4 ). To further show that this reflects a skewed X-inactivation, we visualized the allelic signal ratio inside and outside the pseudoautosomal region, as genes in that regions are known to escape X-inactivation (40) . This includes two regions, named PAR1 and PAR2. As PAR2 harbored only 25 SNPs in the SNP 6.0 array and no SNPs were heterozygote in AN03632, we concentrated on PAR1, located on Xp22 (chrX:60001-2699520) (Fig. 2B ). We found that heterozygous SNPs inside the PAR1 region retained equal expression of both alleles, whereas many of the SNPs outside PAR1 showed a distribution that fits monoallelic expression. Given that not all the SNPs on the X chromosome were monoallelic in this brain sample (AN03632), we hypothesized that the skewed X-inactivation may be cell type specific. The brain consists of different cell types and if some cell types have random X-inactivation, the genes that are specific to those cells will show biallelic expression. As the RNA that we used for the allelic expression (AE) measurements is extracted from a heterogeneous brain sample, the measurements are averages across the different cell types and according to the pattern of expression of Figure 2 . Biased X-inactivation in an individual with autism. (A) The rate of heterozygote genotypes in the genomic DNA that changed to homozygote in the cDNA is shown for the autosomes (distribution plot) and the X chromosome (indicated by 'X'). (B) The distribution of the proportion of allele A was plotted for heterozygote SNPs residing inside (turquoise) and outside (Red) PAR1, a region known to escape inactivation. SNPs outside the region showed monoallelic expression whereas SNPs inside the region expressed from both alleles, suggesting a bias in X-inactivation. (C) Biased X-inactivation shows cell-type specificity in AN03632. (Top) The proportion of allele A in heterozygote SNPs residing in genes enriched in specific neural cell types plotted for genomic DNA (gDNA-green) and cDNA (purple). The number of informative SNPs in each group of genes is indicated by N. Monoallelic expression was observed for oligodendrocytes, astrocytes and neurons, whereas a more balanced signal was observed in the microglia genes. (Bottom) Validation of these effects by Sanger sequencing of specific SNPs in the genomic DNA compared with the cDNA recapitulated the strong monoallelic signal in oligodendrocytes, astrocytes and neurons compared with the microglia.
Human Molecular Genetics, 2014, Vol. 23, No. 15 4115 each gene. To test our hypothesis, we first used an 'in silico dissection' approach to divide the AE results into different cell types. SNPs were assigned to genes and to specific cell types based on our previously published gene co-expression network analysis in the human brain that identified modules of genes that correspond to different neural cell types (41) . Using this approach, we assembled the SNPs into groups corresponding to oligodendrocytes, astrocytes, neurons or microglia and plotted the distribution of the allele ratios in the cDNA and the genomic DNA in heterozygote SNPs (Fig. 2C) . We found that in all cell types except microglia, the distribution of AE fitted a case of monoallelic expression. To validate these results, we performed Sanger sequencing of genes that show a cell-typespecific expression pattern (Fig. 2C) . The genes were chosen based on a survey of cell-type-specific gene expression in the mouse brain (HEPH for astrocytes, KLHL4 for oligodendrocytes and ATP2B3 for neurons) (42) or based on a gene co-expression network of human brain (RGN for microglia) (41) . The results of the sequencing were in agreement with the 'in silico dissection', showing a strong bias toward one allele (allele ratio .4.0) in marker genes for astrocytes, oligodendrocytes and neurons, but a much more modest bias in the marker for microglia. As our analysis also showed that not all SNPs in microglia-specific genes are monoallelic ( Fig. 2C) , we validated also a monoallelic expressed SNP in a microglia-specific gene (P2RY10), along with an additional monoallelic SNP in the other cell types (Supplementary Material, Fig. S5 ). The results of the sequencing again corroborated the array, with all SNPs found to be strongly biased or monoallelic expressed. Extending the analysis to other females with ASD showed a similar trend of skewed X-inactivation being more dominant in genes that correspond to oligodendrocytes, astrocytes and neurons relative to microglia (Supplementary Material, Fig. S6 ). In contrast, in the control sample (AN02456) that showed the strongest signal for skewed X-inactivation (among the non-ASD samples), the bias was most prominent in the microglia module.
A screen of imprinted genes shows loss of imprinting in an individual with ASD It was previously argued that genomic imprinting can help to explain the origin of ASD. To test this hypothesis, we screened all BA9 brain samples for events of abnormal imprinting. We first examined the imprinting status of all known imprinted genes in the BA9 samples. A gene was considered imprinted if it was monoallelic expressed across most samples. To define the direction of imprinting (maternal or paternal expression), we used SNP arrays to genotype the parents of two individuals (AN16115 and AN17138). Out of 131 known imprinted genes, 55 were non informative and 16 were not expressed. Among the 60 expressed and informative genes, 23 showed AE patterns consistent with imprinting in a parental direction consistent with previous studies (examined when parents were informative) and 37 were biallelic (Supplementary Material, Table S5 ). The biallelic expression could theoretically result from SNPs being included in both the sense and antisense of the transcript. To examine this possibility, we assessed the strand-specific expression pattern of all the imprinted genes based on strand-specific RNA-seq data from two individuals (AN12457 and AN11989). Out of the 37 biallelic genes, only three genes were expressed from both strands. Furthermore, in 10 genes, we could identify polymorphic SNPs in the strand-specific RNA-seq data and validate the biallelic expression. Among the genes found to be imprinted, several genes were showing strong AEI, but were not completely monoallelic (MEST, ZNF597, MEG3 and GRB10) (Supplementary Material,  Fig. S7 ). For three genes (KCNQ1, INPP5F and ZNF331), the monoallelic expression was confined to specific isoforms (Fig. 3) . For INPP5F, we found a pattern similar to findings in mice and in human fetus (43, 44) , where only the short isoforms of INPP5F are imprinted. Another gene, ZNF331, which was recently reported to be imprinted (45, 46) showed a more complex pattern. The short isoforms was monoallelic, the long isoform was biallelic and the intermediate isoforms showed incomplete silencing. Lastly, combining the array results with strand-specific RNA-seq data, we found that all monoallelic SNPs in KCNQ1 resided inside a noncoding RNA, expressing stronger in this tissue and on the opposite strand.
We next examined each individual sample for loss of imprinting based on biallelic expression of SNPs within the imprinted genes. We found only one case of loss of imprinting, which was in an individual with ASD (AN00493). In that individual, several SNPs in the imprinted region of chromosome 15q11 -13 were expressed in a biallelic way (Fig. 4A) . The biallelic SNPs were in two clusters, one within the SNRPN gene and the other within or near the UBE3A gene. Based on the results of copy number variation analysis, the 15q11 -13 region has a normal copy number in individual AN00493 (34) . Sanger sequencing of an SNP in the UBE3A gene showed that the gene is indeed expressed from both alleles in AN00493, while being monoallelic expressed in other individuals (Fig. 4B) . We also noted for AN00493 that the signals from both alleles at many SNPs within the 15q11 -13 region were considerably lower compared with other individuals (Fig. 4A ). This reduction in total expression was more extreme [,2 standard deviations (SD) from the mean] particularly at the two regions (SNRPN and UBE3A genes) where SNPs were expressed in a biallelic way (Fig. 4A) .
Imprinting in the 15q imprinted region is under the control of the Prader -Willi-Syndrome Imprinting Control Region (PWS-ICR). Thus, loss of imprinting could be a result of aberrant methylation. We determined the methylation status of the PWS-ICR in individual AN00493, compared with three samples, which showed normal monoallelic expression pattern in UBE3A (Supplementary Material, Table S6 ). All samples showed patterns consistent with hemimethylation, with no significant differences in methylation between samples.
Silencing of the paternal copy of UBE3A is believed to be mediated by a noncoding RNA, maternally transcribed from the opposite strand throughout most of the UBE3A gene (UBE3A-ATS) (47, 48) . The UBE3A-ATS is part of a larger transcript that initiates at the SNURF-SNRPN gene (49) (Fig. 4C) . We reasoned that the observed biallelic expression may be the result of the transcription from both strands together with an abnormally low expression of the antisense noncoding RNA. Using strand-specific RNA-seq from another brain BA9 sample, we determined the normal patterns of expression in the region (Fig. 4A) . As expected, we found that the entire region is expressed from the forward strand (+strand), with the highest expression at the snoRNA clusters (SNORD116
4116
Human
also called HBII-85 and SNORD115 also called HBII-52). On the negative strand, we found the expected expression at the UBE3A locus, but surprisingly we also found expression on the negative strand within the SNRPN gene, at the same region that contains the biallelic expressed SNPs in individual AN00493. Thus, the biallelic SNPs in individual AN00493 are found in regions that show both low expression of the large noncoding RNA and are also expressed from both strands. To further test this observation, we analyzed the expression pattern of three genes (SNRPN, SNURF and UBE3A), which were targeted by an expression array (6) . We compared the level of expression in AN00493 relative to the other brain samples (Fig. 4D ). The AN00493 individual had one of the lowest expression levels for probes located in the SNRPN and SNURF genes, but with close to average expression for probe within the UBE3A gene. We also determined the expression levels of both the UBE3A gene and the UBE3A-ATS, using quantitative Real-Time PCR (Fig. 4D ). For UBE3A, we designed primers on an exon junction, to measure only the gene. We found that despite the biallelic expression, UBE3A was not elevated in AN00493 compared with other individuals. However, the UBE3A-ATS was found to be strongly downregulated.
Per-individual expression patterns show specific abnormalities in individuals with ASD
Changes of gene expression in autism brains were previously shown to converge on specific groups of genes (6), but our allelic expression analysis points to a large heterogeneity. To examine this apparent contradiction, we developed a method to study individual-level expression based on expression profiling. Unlike the common practice of searching for differences between groups of cases and controls, in this analysis, we determined up-and down-regulated genes and pathways in an individual-specific manner. To that end, we analyzed total gene expression levels in 33 individuals, including 19 that were also studied for allelic expression. For each individual and each gene, we calculated the fold-change difference between the individual expression and the mean expression across all other samples (Fig. 5) . We found that ASD sample tended to show higher variability in this measure compared with controls (P ¼ 2.75 × 10
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, two-sided Wilcoxon rank-sum test) (Fig. 5A) . Based on this measure, we extracted, for each individual, a list of genes that are up-or down-regulated compared with the rest of the samples. To account for the variability in the expression, an individualized Z-score was calculated. Only genes with fold change of .2 (or ,0.5) and |Z-score| of .1 were considered to be up-regulated or down-regulated. Individuals with autism had significantly more differentially expressed genes than controls, including more up-regulated and down-regulated genes (Table 1) . Thus, this analysis shows divergence in gene expression across ASD samples.
We next focused on two individuals: AN00493 that showed loss of imprinting in 15q and AN01570 that had the largest number of monoallelic events. Up-and down-regulated genes in these individuals were separately analyzed for functional enrichment using the GO-Elite program (Fig. 5B and C) . AN00493 harbored 218 up-regulated and 50 down-regulated genes. The up-regulated genes were highly enriched in genes involved in immune response, and especially chemokines (Fig. 5B) . The down-regulated genes showed nominal enrichment for processes related to synaptic function, but this was not significant after multiple testing. AN01570 harbored 190 down-regulated genes and 27 up-regulated genes. The down-regulated genes were enriched with genes involved in myelination, and other processes related to oligodendrocytes, which may reflect a depletion of this cell type in that sample (Fig. 5C) . Up-regulated genes were too few for functional enrichment analysis.
DISCUSSION
Using SNP arrays, we measured allelic expression in the human brain across the genome and identified SNPs showing monoallelic expression in brain samples from individuals with ASD and controls. We concentrated on three epigenetic processes that result in monoallelic expression: autosomal monoallelic expression, X-inactivation and genomic imprinting. We found that individuals with ASD showed abnormalities in the abovementioned three types of monoallelic expression. It is important to note that the causes for the changes observed in monoallelic expression among ASD individuals are unknown. The source of variation could be genetic or environmental. Similar to recent genetic studies of ASD that could not identify genes or mutations that account for .1 -2% of cases, we did not find a specific type of epigenetic abnormality that is shared across different ASD individuals. Similarly, by studying total gene expression using a new individual-specific analysis, we could show the divergence of ASD brains from the mean expression levels. This suggests that while ASD brains are different from controls, they tend to be dissimilar among themselves. Although the sample size is relatively small, our study reemphasizes that ASD is etiologically heterogeneous not only at the genetic basis but probably also in epigenetic and environmental factors. We concentrated here on three ASD subjects that had the most extreme or abnormal types of monoallelic expression. In one individual with ASD, we found 10 times more instances of monoallelic expression across the genome than the average count. Surprisingly, in that individual, most of the monoallelic expressed SNPs were restricted to the BA9 but were biallelic in the cerebellum. What might cause such widespread monoallelic expression is not clear. One possible explanation could be that this is the result of a general abnormality in epigenetic regulation (50) . The other possible explanation might be related to the fact that this individual exhibited an extremely large brain size (2100 g at the age of 18 years). Random monoallelic expression should not be normally seen in a large number of polyclonal cells. However, if the macrocephaly is caused by rapid proliferation of a small subset of cells, it may lead to a more clonal cell population. Individual-specific analysis of gene expression suggested the depletion of oligodendrocytes and myelination in the prefrontal cortex of that individual. The reduction of myelin-associated genes may suggest that the increase in brain volume is caused by excessive numbers or rates of growth of neurons. It could also reflect aberrant connectivity in that sample. Autism has been long associated with aberrant connectivity, although it has mostly been suggested to be associated with global increase in white matter (51) . Recently, however, it was found that individuals with autism had reduced intrinsic wiring inside cortical columns, and this reduction was associated with the severity of autistic features (52) .
We also found that females with ASD tended to have a more skewed X-inactivation (although as a group, this was not significant). This observation is not surprising because skewed X-inactivation was found previously to be more common in X-linked mental retardation disorders including Rett syndrome (38, 39) . The observations of skewed X-inactivation were previously mainly based on blood cells, but the relationship with the brain is less studied. Here, using a new 'in silico dissection' approach, we found that the extreme skewed X-inactivation observed in the brain of an individual with ASD was confined to neural cells but was less prominent in microglia-specific genes.
A similar trend was observed in two other brain samples from females with ASD. This finding of cell type-specific skewed X-inactivation suggests two important conclusions. First, it shows that the degree of skewed X-inactivation measured in blood cells does not necessarily reflect the degree in the brain. Second, it suggests that the skewed X-inactivation is caused by selection against or in favor of alleles that may be important specifically during the proliferation of neural progenitor cells. Still it is not clear how skewed X-inactivation influences ASD risk and severity.
We screened all the known imprinted genes and identified which of these genes are expressed in a monoallelic or biallelic way in the human brain (BA9 & cerebellum). Using microarrays alone to determine the imprinting status of genes may be confounded by transcription from the antisense that could result in a false biallelic expression signal. Using strand-specific RNA-seq, we were able to exclude or identify such antisense transcripts, and for several genes even identify strand-specific biallelic expressed SNPs, affirming the biallelic expression of those genes. Among the known imprinted genes confirmed in our study to be monoallelic expressed in our samples, we then searched for specific individuals with abnormal imprinting. To the best of our knowledge, our study is the first to screen across the genome for the status of imprinted genes in the human brain and to search systematically for imprinting abnormalities in ASD. Despite previous theories about the possible involvement of imprinted genes in ASD (18), we found only one case of loss of imprinting in an individual with ASD. In that individual, two clusters of SNPs within the 15q11 -13 imprinted region were biallelic, a region that is known to be associated with ASD risk. The best explanation for the biallelic expression is a combination of strong reduction in the expression of the large noncoding RNA that is transcribed across the region from the paternal allele. We identified biallelic expressed SNPs only at regions that showed expression on the opposite strand. This observation is in agreement with a recent study that showed that UBE3A-ATS silence the paternal copy of UBE3A in mice (48) .
In summary, our study identified diverse epigenetic abnormalities in the brain of individuals with ASD, which include both the increase of monoallelic expression in genes that are normally expressed in a biallelic way and the loss of monoallelic expression in imprinted genes. This heterogeneity was reflected both at the level of allelic regulation and at the level of total gene expression, with autism samples showing more extreme individualized differences and globally a transcription profile dissimilar from each other and the controls. Altogether, these results suggest that while much effort is concentrated on discovering genetic convergence, there is considerable heterogeneity in the allelic and global genetic regulation between individuals with autism.
MATERIALS AND METHODS
Sample acquisition, DNA and RNA extraction from BA9 and cerebellum Postmortem tissue samples were obtained from the ATP and the NICHD Brain and Tissue Bank for Developmental Disorders. Genomic DNA was extracted with a QIAamp DNA Blood Mini Kit (QIAGEN, Valencia, CA). DNA from parents of two individuals was obtained from Autism Genetic Research exchange, and genotypes using the Affymetrix SNP 6.0 array. In the postmortem brain tissue, RNA was extracted using the RNeasy w Lipid Tissue Mini Kit (Qiagen Ltd, Crawley, UK) according to the manufacturer's protocol. The RNA was treated with DNase to eliminate genomic DNA contamination. The absence of DNA contamination was verified by gel electrophoresis. RNA quality was evaluated using Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), with an average of RNA integrity number of 8.1. mRNA was enriched from brain total RNA employing the MicroPoly(A) Purist Kit (Ambion, Austin, TX, USA). The RNA was then converted into double-stranded cDNA and tested for gDNA contamination using PCR of genic and nongenic regions (primers are available upon request). The double-stranded cDNA replaced the genomic DNA in the Affymetrix SNP array 6.0 genotyping protocol. Genotyping analysis was performed using the Affymetrix Genotyping Console (Affymetrix, Santa Clara, CA, USA).
Allele expression imbalance at the level of one SNP
All statistical analyses were performed using the R-project for Statistical Computing (http://www.r-project.org), and plotting was performed using the R packages ggplot2 and ggbio (53, 54) . Discovering a true event of AEI rests upon determining that an SNP heterozygous in the genomic DNA is showing a bias toward one of the alleles in the cDNA. To assess the AEI at the level of one SNP, we developed strict quality control measures to limit errors at the SNP and individual level ( Supplementary  Material, Fig. S1 ). The per-individual rate of changes from heterozygous genotype in the genomic DNA to a homozygous genotype in the cDNA in all autosomes was determined. Four individuals showed a markedly higher rate, indicating that these calls may be the results of error. To further assess the origin of these global changes, we determined the rates of a novel allele, not found in the genomic DNA, appearing in the cDNA (a phenomenon hereafter referred to as 'illogical genotypes'). The idea was that if a homozygous SNP in the genomic DNA is found to be heterozygous, or homozygous for the other allele, in the cDNA, such an illogical genotype is most likely the result of an error (excluding the possibility of RNA editing). Indeed, the four samples that showed a high global rate of heterozygote to homozygote transition also showed a higher rate of 'illogical genotypes'. These samples were excluded from further analyses of identifying monoallelic expression at the level of one SNP, but the females were used for measuring skewed X-inactivation because it includes the average effect of all SNPs on the X chromosome and rests upon comparing the X chromosome with the autosomes.
We proceeded to apply a strict per-SNP filter to rule out nonexpressing or otherwise error-prone SNPs. First, we removed
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any SNP in which even a single individual showed an illogical cDNA genotype, as defined earlier. Furthermore, a cutoff of 4000 for the total signal level from the two alleles was applied to determine expressing SNPs, and SNPs in which ,80% of the individuals were above the cutoff were excluded from further analyses. As an additional cutoff for expression, we looked at the ratio between allele A and allele B and determined whether this ratio was different between the different genotypes using non-parametric Kruskal -Wallis test. We chose a stringent cutoff of P-value of 5 × 10
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, to decrease the number of false positives and distinguish truly expressing genes. Next, we performed an analysis to prevent rare cases when error in the genomic DNA genotyping could lead to a false-positive AEI signal. To that end, the Illumina array information available for these individuals was used to impute the genotypes in the Affymetrix array using the Beagle software (55). We first generated datasets in which each one individual's Affymetrix calls were converted to missing. Then, these missing calls were imputed, so each time only one individual's Affymetrix genotypes were imputed and the rest were used as reference. Genotype calls discordant between the array and the imputation were removed. Lastly, SNPs with ,3 heterozygote calls were filtered out. Following all these filters, 10% of the SNPs in the array were taken for further analyses.
A graph-based method for rare allelic expression imbalance
We designed an algorithm to identify rare AEI events in at the level of one SNP. It is based on the idea that when looking at the twodimensional space defined by the levels of signal from allele A (Signal A) and levels of the signal from allele B (Signal B), the different genotypes tend to form clusters in that space (see Fig. 1A for an example). An SNP showing AEI would be expected to display a shift, in the cDNA microarray, from the heterozygous cluster toward a homozygous cluster. We exploited the fact that contrary to the array measurements in the genomic DNA, in which the points in each genotype cluster are spread around some centroid point, in the cDNA, measurements in each cluster tended to show a linear correlation between Signal A and Signal B. We therefore calculated a linear regression line for each of the genotype clusters and then measured the distance between each heterozygous measurement and the different lines. We defined two measures, one (d het ) denoted the distance of the SNP from the heterozygote cluster. The second (d hom ) denoted the distance of the SNP from the homozygote cluster closest to it. The allelic expression signal was calculated as the proportion of the Euclidean distance of each heterozygous measurement from the heterozygous line, from the Euclidean distance between both the heterozygous line and the homozygous line closest to it:
In cases where the measurement was more extreme than the homozygote line, this changed to AEI = d het /d het − d hom allowing a score of .1. We chose this measure as it provides an intuitive interpretation, whereby a result of ,1 can be thought of as a bias in expression toward one of the alleles, whereas a result close to 1 or above it could indicate an event of monoallelic expression.
To prevent a case where an allelic expressed sample would bias the heterozygous line and reduce our power to find true events, we looked at the distribution of the ratios of signal A to signal B and calculated the inter-quartile range (IQR). Samples that fell further than 1.5 IQRs from the 1st or 3rd quartile of the distribution were not used in calculating the heterozygous regression line. A drawback of our approach is that we inevitably miss events where a heterozygous SNP becomes homozygous in the cDNA, and no other homozygotes exist in the entire sample. However, we expected such events to be very rare, and in any case very difficult to identify accurately. To account for dispersion in the heterozygous cluster, which could potentially lead to false positives, we also calculated a Z-score for each heterozygote sample. As a threshold for declaring strong AEI, samples were chosen if they presented at least a score of 0.75 (reflecting a three-fourth shift toward a homozygote cluster) and a Z-score of 2 (reflecting a relative uniqueness of such event across the samples for that SNP). All putative results were plotted and manually visualized to determine true positives. A random sample of signals was chosen for validation using Sanger sequencing, and allele ratio was determined using the PeakPicker software (56) .
Comparing BA9 and cerebellum
To compare the AEI between BA9 and the cerebellum, we first refined the list of SNPs to include only those that show a similar pattern of expression in both tissues. To that end, we determined the maximum and minimum signal level of each allele for each genotype in the cerebellum and the BA9 samples. We required that for at least one genotype, all cerebellum samples would fall within this range, indicating a comparable level of expression and a similar behavior on the array. We then proceeded to analyze the cerebellum and BA9 samples together, using the same pipeline outlined above for the BA9 alone.
Determining skewed X-inactivation
To infer the status of X-inactivation in the female samples, first the rate of heterozygote genomic DNA to homozygote cDNA conversion was calculated for the autosomal chromosomes as well as the X chromosome. To determine the allelic expression profile of genes within the PAR1 region of chromosome X, the boundaries of the region were extracted from the UCSC genome browser. A cutoff of 4000 was imposed, and the distribution of the proportion of allele A was plotted for heterozygote SNPs inside and outside of the PAR1 region.
In silico dissection for cell-type-specific skewed X-inactivation To determine whether the observed skewed X-inactivation showed cell-type specificity, we used the results of a previously published gene co-expression network based on adult human brain, which included modules highly enriched for specific neural cell types (41) . For oligodendrocytes and astrocytes, one module showing a very strong enrichment was taken. For neurons, three different modules showing a strong enrichment were combined together for the analysis. SNPs in chromosome X were distributed between the modules, and the distribution Human Molecular Genetics, 2014, Vol. 23, No. 15 4121 of the proportion of allele A was plotted for the genomic DNA and the cDNA. For each of the cell types, a gene was chosen for validation using Sanger sequencing. For astrocytes, oligodendrocytes and neurons, a gene was chosen based on a published database of cell-type-specific gene expression in the mouse brain (42) . For microglia, a gene from the microglia module was chosen. Allele ratios were determined using the PeakPicker software (56) .
Determining the allelic expression status of imprinted genes and screening for abnormal events A list of genes with either a confirmed, conflicting or unknown imprinting status was downloaded from the Geneimprint database on 30 June 2013 and supplemented by mining the literature for reports of imprinting. For the list of genes, Refseq transcripts were downloaded from the UCSC genome browser. For each transcript, we chose all SNPs with at least two heterozygotes, and in which the total signal level (allele A + allele B) of at least half of the sample was .4000. The signal levels of SNPs in these genes were visualized, and imprinting status was manually determined. Genomic DNA from parents of two individuals, AN16115 and AN17138, was genotyped using Affymetrix SNP 6.0 Arrays, to determine direction of imprinting.
Methylation analysis in PWS-IC region
Methylation in the Prader -Willi syndrome imprinting center (PWS-IC) was determined using pyrosequencing. Table S6 ). Four samples were assayed, including AN00493 and three which showed monoallelic expression in UBE3A.
Gene expression analysis
RNA sequencing was performed on two individuals with autism, AN12457 and AN11989. Libraries were prepared using SOLiD TM Total RNA-Seq Kit (Applied Biosystems) following the Whole Transcriptome protocol. Size selection was performed using the E-Gel w EX Agarose Gels (Invitrogen). Libraries were quantified and validated using the Agilent 2100 Bioanalyzer (Agilent technologies). Library was quantified using the KAPA ABI SOLiD library quantification Kit (KAPA Biosciences). Sequencing of 50-bp reads was done using the ABI SOLiD 3 plus analyzer, following Applied Biosystems protocols. RNAsequencing data were aligned to the human genome (UCSC build hg19) using the SHRiMP2 alignment software (57) . For AN12457, 34621265 reads were generated, of which 24568591 (70.96%) were mapped. For AN11989, 30236974 reads were generated, of which 40% were mapped. In all figures, only the expression in AN12457 is visualized, as the expression pattern was similar between the two samples in all cases shown.
Previously published (6) microarray data were acquired from GEO and reanalyzed using the Lumi R package (58) . We determined the relative expression of each individual in the genes SNRPN, UBE3A and SNURF using a Z-score.
Real-time PCR was performed using the PerfeCTa SYBR Green FastMix, Rox (Quanta). Fluorescence was monitored and analyzed in a Bio-Rad C1000 Thermal Cycler with a CFX96 real-time system. All experiments were performed in triplicate, and the values of each sample were first averaged across the triplicate. Subsequently, values of gene expression in each gene of interest were normalized first to the mean of a reference gene (CHL1), chosen as it was previously found to have stable expression in .100 brain samples (59) . Reference normalized values were then normalized to the mean of all samples of the gene of interest.
Per-individual expression patterns
To perform an individualized expression analysis, we compared each individual's microarray gene expression against the entire sample cohort. This was done using two separate measures. The first was an individualized fold change, which was defined for the expression E of each individual i and each gene g as the ratio E g i /(E g ). The second was a Z-score:
.
Functional enrichment was determined using the GO Elite software (60) . P-values were determined by 10 000 permutations.
